Slr1694 is a BLUF (sensor of blue light using flavin adenine dinucleotide) protein and a putative photoreceptor in the cyanobacterium Synechocystis sp. PCC6803. Illumination of Slr1694 induced a signaling light state concurrent with a red shift in the UV-visible absorption of flavin, and formation of the bands from flavin and apo-protein in the light-minus-dark Fourier transform infrared (FTIR) difference spectrum. Replacement of Tyr8 with phenylalanine abolished these changes. The light state relaxed to the ground dark state, during which the FTIR bands decayed monophasically. These bands were classifiable into three groups according to their decay rates. The C4=O stretching bands of a flavin isoalloxazine ring had the highest decay rate, which corresponded to that of the absorption red shift. The result indicated that the hydrogen bonding at C4=O is responsible for the UV-visible red shift, consistent with the results of density functional calculation. All FTIR bands and the red shift decayed at the same slower rate in deuterated Slr1694. These results indicated that the dark relaxation from the light state is limited by proton transfer. In contrast, a constrained light state formed under dehydrated conditions decayed much more slowly with no deuteration effects. A photocycle mechanism involving the proton transfer was proposed.
Introduction
Blue light controls a wide variety of biological activities through various types of photoreceptors and signaling systems (Lin 2000 , Cashmore 2003 , Crosson et al. 2004 , Sancar 2003 , Masuda and Bauer 2005 , van der Horst and Hellingwerf 2004 . BLUF (sensor of blue light using FAD) proteins are members of a newly identified blue light receptor family using a flavin as a chromophore, and have been proposed to be implicated in blue light-related cellular signaling processes among microorganisms. The proteins are characterized by the FAD-binding fold denoted BLUF, which is present in at least 15 organisms despite little identifiable sequence similarity outside of the BLUF domain (Gomelsky and Klug 2002, Masuda and Bauer 2005) . Four BLUF proteins, namely AppA in the purple bacterium Rhodobacter sphaeoides (Masuda and Bauer 2002 , Kraft et al. 2003 , Laan et al. 2003 , PAC in the alga Euglena gracilis (Iseki et al. 2002) , YcgF in Escherichia coli (Masuda and Ono 2005) and Slr1694 in the cyanobacterium Synechocystis sp. PCC6803 , have been characterized so far. AppA (activation of photopigment and puc expression) is associated with a repressor PpsR (photopigment suppression) to allow the transcription of photosynthetesis genes in the dark; light-activated AppA liberates PpsR that, in turn, is bound to various promoters of photosynthesis genes to suppress their expression (Masuda and Bauer 2002) . PAC is a blue light-activated adenyl cyclase that is involved in the blue light avoidance response (Iseki et al. 2002) . The physiological function of YcgF is not clear, but the protein contains an EAL domain suggested to encode enzymatic activity for hydrolysis of the second messenger bis-3′-5′-cyclic diguanylate (c-di-GMP), indicating that YcgF functions as a blue light receptor modulating the cellular levels of this unusual cyclic nucleotide (Masuda and Ono 2005) . Slr1694 has been proposed to be involved in positive phototaxis because Slr1694 mutant cells moved away from white light, towards which wild-type cells moved (Okajima et al. 2003, Masuda and . The phototaxis behavior was markedly influenced by exogenously added cAMP in both the wild-type and Slr1694 mutant strains , and cellular activity of adenylyl cyclase, Cya1, has been reported to increase upon blue light illumination (Terauchi and Ohmori 2004) . Nevertheless, the disruption of slr1694 did not affect the blue light-dependent Cya1 activity , indicating that Slr1694 is involved in a signaling system apart from a blue light cAMP signaling system.
Illumination induced very similar red-shifted flavin absorption in the UV-visible absorption spectra of AppA Bauer 2002, Kraft et al. 2003) , YcgF (Masuda and Ono 2005) and Slr1694 as shown in Fig. 1 . As this absorption change was correlated with the functional dissociation of AppA from PpsR, it was inferred that the light state with the red-shifted flavin absorption is a signaling state (Masuda and Bauer 2002) . These observations suggest that the fundamental photocycle reaction is common to all BLUF proteins. Therefore, it is essential to know the mechanism underlying the photocycle in order to understand how the blue light signal is perceived by the BLUF proteins. We have applied light-induced Fourier transform infrared (FTIR) difference spectroscopy to Slr1694 in order to elucidate the molecular basis of the photocycle of BLUF proteins ). Slr1694 is a relatively small protein composed of 151 amino acid residues with a single BLUF domain but no other functional domain. Furthermore, the full-length functional protein could be overexpressed in Escherichia coli . These may allow the use of Slr1694 as a basic system for studying the blue light perception mechanism in BLUF proteins.
The FTIR results indicated that light illumination predominantly weakened the C4=O and C2=O bonds and strengthened the N1C10a and/or C4aN5 bonds in an isoalloxazine ring of FAD and Fig. 1) . The weakening of the C4=O and C2=O bonds suggested the light-dependent formation of one or more hydrogen bonds to the C4=O and C2=O groups from specific amino acid residues and/or the peptide backbone. Notably, neither gross structural rearrangement of a chromophore nor covalent bond formation between a chromophore and apo-protein was thought to be involved in light state formation in BLUF proteins. On the other hand, illumination induced distinct changes in the amide I modes of the peptide backbone, indicating light-dependent changes in the protein moieties of Slr1694 protein ). Slr1694 is a small protein with no other obvious functional domain, and it may work by controlling the function of another protein through direct protein-protein interaction. Therefore, the observed structural changes may be directly responsible for the function of Slr1694.
Recently, it was found that illumination of Slr1694 at medium-low temperature (-35°C) or under dehydrated conditions induced a state that showed the similar red-shifted UVvisible absorption changes of FAD . However, almost all of the bands in a light-induced FTIR difference spectrum were suppressed, with the exception of the bands for the change of C4=O bonding. The observed constrained light state has been proposed to be a mimic of an intermediate state in the photocycle of Slr1694, in which lightinduced strengthened hydrogen bonding to the C4=O group triggers the structural changes in FAD and apo-protein of Slr1694 for the signaling state .
The red-shifted UV-visible absorption of the signaling state of AppA and Slr1694 relaxed to the dark-adapted spectrum with no change in the light-minus-dark difference spectrum during the course of decay . In the present study, we analyzed the dark relaxation process and the effects of deuteration on the process in Slr1694 by applying UV-visible and FTIR difference spectroscopy, in order to obtain further insight into the photocycle and the dark relaxation process in the BLUF proteins. Our results indicated that the dark relaxation process is composed of at least three kinetically distinguishable processes, which reflect different types of structural changes in the FAD and apo-protein regions of Slr1694 initiated by weakened hydrogen bonding to the C4=O group.
Results
Dark relaxation of the light state Fig. 2A shows the light-minus-dark UV-visible absorption difference spectra of hydrated (a) and deuterated (b) Slr1694 for FTIR measurements during dark relaxation. Both the samples eventually showed identical light-induced spectral changes and decreased in intensity during dark incubation. The intensity of every peak concurrently decreased and no change in spectral features was observed. However, the dark decay was much slower in the deuterated samples (closed squares) (t 1/2 = 6.5 min) than in the hydrated samples (open squares) (t 1/2 = 1.7 min) as shown in Fig. 2B , in which the decay kinetics of the light-induced UV-visible absorption changes were monitored at 495 nm. Although the dark decays were approximately 20 times slower in the FTIR than in the solution samples (circles), presumably due to the lower water content of the FTIR samples, deuteration slowed the dark decay by approximately four times in both the FTIR and solution samples. The decay slowed further in the dehydrated samples (open triangles) (t 1/2 = 13.1 min). Notably, the absorption changes in the de-deuterated samples (closed triangles) decayed with a very similar course to that in the dehydrated samples. Therefore, it may be inferred that the rate of dark relaxation from the signaling light state as depicted by the UV-visible absorption change in the solution and hydrated FTIR samples is determined by the reaction process, which is affected by lowering the water content and by deuteration. This process is likely to involve a proton transfer and rearrangement of the hydrogen bonding network in the protein, in which the participating hydrogen and/or water are exchangeable with bulk water. These results indicated that the signaling light state decays with the same mechanism in both the FTIR and solution samples. In particular, the slower decay in the FTIR samples enabled us to follow structural changes during the relaxation process by FTIR spectroscopy. On the other hand, little deuteration effect indi- Fig. 3 Light-minus-dark FTIR difference spectra of hydrated (a) and deuterated (b) Slr1694 in the regions 1800-1000 (A), 2600-2500/1900-1800 (B) and 3100-2700 (C) cm -1 . Samples were illuminated at 15°C and spectra started to be measured at 0 (black lines), 2 (red lines), 5 (green lines) and 10 (blue lines) min after illumination, and then accumulated for 20 s. Spectra were measured at 4 cm -1 resolution. Two spectra were averaged to improve the signal-to-noise ratio. The dark-minus-dark spectrum (c) is presented to show the noise level.
cated that the decay from the state trapped under dehydrated conditions is not rate limited by or does not include proton transfer and rearrangement of the hydrogen bonding network. Apparently, this view is compatible with little light-induced structural change of apo-protein and FAD under dehydrated conditions (see Fig. 6 ). Fig. 3 shows the light-minus-dark FTIR difference spectra of the hydrated (a) and deuterated (b) forms during dark relaxation of the signaling light state. The spectra were measured at specific dark incubation times after the illumination, and are presented here after subtracting the dark state spectrum before illumination. In the mid-IR (1800-1000 cm -1 ) region (A), prominent bands were induced at 1713-1500 cm -1 , with many smaller bands at 1500-1000 cm -1 , in both the hydrated and deuterated samples upon illumination. The positive and negative bands are attributed to the light and dark states of Slr1694, respectively. According to our previous isotope labeling study -1 can be assigned primarily to the C4=O, C2=O and C4aN5/N1C10a stretching vibrations, respectively, of an isoalloxiazine ring of FAD. The C4=O and C2=O bands in the dark state were shifted to lower frequencies in the light state while the C4aN5/N1C10a bands were shifted to higher frequencies. This indicated that, upon illumination, the C4=O and C2=O bonds were weakened by strengthening hydrogen bonding at the C4=O and C2=O positions, whereas the C4aN5/NC10a bonds were strengthened. The bands at 1639(-)/1632(+)/1626(-)/1620(+)/1608(-) in the hydrated spectrum and at 1678(-)/1666(+)/1626(-)/1620(+)/ 1608(-) cm -1 in the deuterated spectrum have been ascribed to the amide I and amide I′ bands originating from conformational changes of the protein backbone, respectively. The relatively small bands at 1346-1229 cm -1 (hydrated) and 1348-1229 cm -1
(deuterated) were attributable to N3C4 stretching vibrations coupled with C4C4a or C4aC10a stretching modes of the FAD isoalloxazine ring. The bands at 1099-1055 cm -1 (hydrated) and at 1099-1059 cm -1 (deuterated) were assigned to CH 3 rocking vibrations of unknown origin.
The intensities of the FTIR bands decreased with dark incubation time. The decrease in band intensity was much faster in the hydrated (a) than in the deuterated (b) samples, which is compatible with the trends in the dark decay of lightinduced UV-visible absorption change shown in Fig. 2 . No band shifts or formation of new bands were observed during the dark incubation, indicating the absence of a specific intermediate state with a different spectrum; however, close inspection of the spectra of hydrated samples (a) revealed that the effects of dark incubation time on band intensity were considerably different among the bands. The intensity of the C4=O bands at 1713(-)/1693(+) cm -1 largely diminished even after 2 min dark incubation (red line) to approximately 30% of that just after illumination (black line), while approximately 75% of the intensity of the C4aN5/N1C10a bands at 1544(+)/1510(-) cm -1 was preserved. In contrast, such a difference in decay behavior was not detectable in the deuterated Slr1694 (b), in which all bands followed a very similar course of decay.
As shown in Fig. 3B , the light-induced changes were observed at 2561(-)/2551(+) cm -1 in hydrated Slr1694 (a). These bands disappeared in the deuterated Slr1694, which instead showed bands at 1863(-)/1853(+) cm -1 (b). The 2561(-)/ 2551(+) cm -1 bands were assigned to SH stretch vibration of a cysteine residue based on the position and intensity and approximately 700 cm -1 of downshift by deuteration (Iwata et in the spectrum of hydrated Slr1694 were attributed to CH stretching vibrations of CH 3 groups ) and were eventually unaffected by deuteration. The band at 2818(-) cm -1 was ascribed to NH stretching, and disappeared in the deuterated samples. The intensities of the CH/NH and SH (SD) stretching bands decreased during dark incubation, with no change in spectral features, and the bands decayed much more slowly in the spectra of deuterated samples than in the spectra of hydrated samples. Fig. 4 shows the dark decay courses of several representative FTIR bands in the hydrated (A) and deuterated (B) Slr1694. The intensities of the bands were plotted against the dark incubation time for the C4=O stretching (squares); C2=O stretching (triangles, right); C4aN5 stretching (triangles, down); N3C4 stretching (diamonds); amide I (amide I′) (triangles, left), SH (SD) stretching (circles), and CH stretching (triangles, top) bands. All examined bands underwent monophasic exponential decay courses, as shown in the inset. However, the decay rates for different bands in the spectra of hydrated Slr1694 were considerably different, and were classified into three groups. The fastest decay was observed for the C4=O stretching bands (t 1/2 = 1.5 min), the slowest was for the SH stretching bands (t 1/2 = 4.5 min), with an intermediate rate for all other bands (t 1/2 = ∼2.4 min). In contrast to the hydrated sample, all the bands in the deuterated sample decayed with a half-life of t 1/2 = ∼6.4 min, approximately 1.4-4.3 times slower than those observed in the hydrated sample. Fig. 5 shows the comparison between the dark decay behavior of the FTIR C4=O stretching bands (triangles) and the UV-visible absorption change (circles) in hydrated (open symbols) and deuterated (closed symbols) Slr1694. It can be clearly seen that the two decay courses corresponded well with each other in both hydrated and deuterated Slr1694, with an averaged half-life of approximately 1.6 and 6.4 min, respectively. Fig. 6 shows the light-minus-dark FTIR difference spectra of the dehydrated Slr1694 in the mid-IR (1800-1000 cm -1 ) region during dark incubation. Upon illumination, the dehydrated Slr1694 showed the spectrum with prominent derivative shape bands for C4=O stretching at 1711(-)/1697(+) cm -1 , but other bands were markedly suppressed as compared with the hydrated spectrum shown in Fig. 3 , consistent with previously reported results ). The C4=O stretching bands appeared at 1709(-)/1695(+) cm -1 for the de-deuterated Slr1694 (data not shown). The intensity of the C4=O bands gradually decreased with dark incubation time, but the decay course was much slower than that in the hydrated spectrum. Light-minus-dark FTIR difference spectra of dehydrated Slr1694 in the regions 1800-1000 cm -1 . Samples were illuminated at 15°C and spectra started to be measured at 0 (black line), 2 (red line), 5 (green line) and 10 (blue line) min after illumination, and then accumulated for 20 s. Spectra were measured at 4 cm -1 resolution. Two spectra were averaged to improve the signal-to-noise ratio. The inset shows the dark decay kinetics of light-induced UV-visible absorption changes recorded at 495 nm (triangles) and light-induced FTIR bands for C4=O stretching (circles) in dehydrated (open symbols) and dedeuterated (closed symbols) Slr1694, respectively. Sample protein was sandwiched between BaF 2 disks for FTIR, and spectra were measured at 15°C.
The inset figure shows the comparison between the dark decay courses of the FTIR C4=O stretching bands (triangles) and the UV-visible absorption change (circles) in dehydrated (open symbols) and de-deuterated (closed symbols) Slr1694. The FTIR C4=O stretching bands decayed with a similar course in both the dehydrated and de-deuterated samples, with a half-life of approximately 15 min, and, furthermore, coincided with the decay of the UV-visible absorption change. These results indicated that the light-induced decrease in strength of the C4=O bond in the FAD isoalloxazine ring III is mainly responsible for the red shift of UV-visible absorption of the bound FAD in the signaling light state as well as the constrained light state formed in the dehydrated Slr1694.
Mutation of a conserved tyrosine residue
It has been proposed in AppA that Tyr21 is important for the light-induced UV-visible absorption red shift through a π-π stacking interaction with the isoalloxazine ring of FAD, because the site-directed replacement of Tyr21 with phenylalanine abolished the 1 H nuclear magnetic resonance (NMR) upfield-shifted methyl resonances, which are caused by ring current effects of aromatic stacking interactions, and were changed by illumination (Kraft et al. 2003) . The mutation induced slight changes in the UV-visible absorption of the FAD chromophore in the dark state, and completely abolished the light-induced changes of UV-visible absorption (Kraft et al. 2003) . The tyrosine residue for AppA Tyr21 is conserved in all BLUF domains (Gomelsky and Klug 2002, Masuda and Bauer 2005) , and corresponds to Tyr8 in Slr1694. As shown in Fig. 7 , the dark state UV-visible spectrum of the mutant Slr1694, in which Tyr8 was replaced with phenylalanine (black line), was very similar to that of the wild-type Slr1694 (gray line), indicating that the binding of FAD to its site in the dark state is scarcely changed by the mutation. The mutant showed no lightinduced change in the UV-visible absorption, resulting in the identical spectrum to the dark state spectrum. Consistently, the light-induced changes of the FTIR bands found in the wild-type Slr1694 (inset, gray line) were completely abolished (inset, black line) in the mutant. Therefore, it is evident that the conserved tyrosine residue is essential to the photocycle in Slr1694, but the mutation study provided little information to elucidate whether π-π stacking including Tyr8 is essential to the red-shifted UV-visible absorption changes of FAD upon illumination.
Theoretical calculation
In order to address this issue, we calculated the lowest excitation energy of the lowest spin-allowed π→π* transition in the ground state S 0 (Neiss et al. 2003) for the 450 nm absorption using lumiflavin as a model of FAD, and the results are shown in Table 1 . Calculations indicated that a π-π stacking interaction between a benzene molecule and one of the three rings of lumiflavin (isoalloxazine) leads to a red shift of the longer wavelength end of the FAD absorption by 3-7 nm, depending on the isoalloxazine rings above which the benzene ring was stacked. Notably, however, hydrogen bond formation between a water molecule and C4=O also induced an absorption red shift, while no red shift was attained by hydrogen bonding at C2=O. These results indicated that the formation/ enhancement of hydrogen bonding at the C4=O group from the polypeptide backbone and/or an amino acid side group can rationally explain the light-induced absorption red shift of FAD in the Slr1694 BLUF domain.
Discussion

Decay kinetics
The FTIR bands induced by illumination relaxed monophasically in the dark following the first order kinetics with no change in peak position (Fig. 3, 6 ). The decay rates of the FTIR bands and the light-induced UV-visible absorption change in the hydrated, deuterated, dehydrated and de-deuterated Slr1694 are summarized in Table 2 . The decay patterns of the FTIR bands for the signaling light state (hydrated Slr1694) were classified by rate of decay into three groups, in the following order: C4=O stretch (t 1/2 = 1.5 min) > C2=O, C4aN5/ N1C10a, N3C4, amide I, CH stretches (t 1/2 = ∼2.4 min) > SH stretch (t 1/2 = 4.5 min). These results indicated that at least three processes are included in the dark decay of the signaling light state of Slr1694. The largest decay rate of the C4=O bands indicated that the weakening hydrogen bonding at the C4=O position of an FAD isoalloxazine ring occurs ahead of the other changes in flavin and apo-protein in the course of dark relaxation. The decay rate of the bands for C2=O, C4aN5/ N1C10a and N3C4 corresponded to that of the amide I bands and CH stretch bands of the CH 3 group, which reflect the relaxation of the light-induced structural changes of the Slr1694 apo-protein. Therefore, the light-induced changes of the isoalloxazine ring in the C2=O, C4aN5/N1C10a and N3C4 bonds may be closely associated with the structural changes of the protein moiety. The appearance of the SH stretching bands can be ascribed to the changes in hydrogen bonding to SH group(s) in cysteine residue(s). As there are three but not conserved cysteine residues in the BLUF domain of Slr1694 (Gomelsky and Klug 2002, Masuda and Bauer 2005) , the decay of the SH stretching bands reflects the relaxation process of the lightinduced rearrangement of the hydrogen bonding network in the immediate vicinity of the putative cysteine residue(s) in the BLUF domain. Notably, the rates of the two relaxation processes (t 1/2 = ∼2.4 min and t 1/2 = ∼4.5 min) are slower than the decay rate of the light-induced UV-visible absorption change (t 1/2 = 1.7 min). Therefore, Slr1694 continues to relax even after the UV-visible absorption change has completely reverted to the dark spectrum.
Origin of UV-visible absorption red-shift
Based on the results of the time-dependent density functional theory calculation listed in Table 1 , the light-induced UV-visible absorption red shift of Slr1694 can be ascribed to either a decrease in bond strength of C4=O by increased hydrogen bonding or the increased π-π stacking interaction between an FAD isoalloxazine ring and an aromatic side group of an amino acid residue. The latter possibility has been inferred based on the light-induced change of the upfield-shifted methyl resonances in the 1 H NMR spectra of the BLUF domain of AppA (Kraft et al. 2003) . However, the close correspondence between the decay pattern of the light-induced red shift of the flavin chromophore and that of the C4=O stretching bands in the hydrated and deuterated Slr1694 (Fig. 5 ) as well as dehydrated and de-deuterated Slr1694 (Fig. 6 ) indicated that the decrease of the C4=O bond strength due to hydrogen bonding is predominantly responsible for the UV-visible absorption change. As shown in Fig. 7 , the light-induced changes in both the UV-visible and FTIR spectra were abolished by the replacement of the conserved tyrosine (Tyr8) in Slr1694 with phenylalanine. Therefore, it is likely that a phenolic OH group of the conserved tyrosine residue is directly or indirectly responsible for the formation of the hydrogen bonding to the C4=O group.
Involvement of proton transfer
It is of note that the intensity of all FTIR bands for the signaling light state decreased with the same slower rate (t 1/2 = ∼6.4 min) in the deuterated Slr1694 as shown in Fig. 4 and Table 2 . These results might be accounted for by presuming that the three decay processes were independently and differently influenced by deuteration, resulting in the same decay rate by mere accident. However, such a coincidence is unlikely, although we cannot exclude the possibility completely. Our results indicated, rather, that the decay rate of each band is limited by a process whose reaction rate is retarded to a value less than the rates of relaxation processes for the FTIR bands in the deuterated Slr1694. The putative process would have a rate larger than those for the FTIR bands and not limit those relaxation processes in the hydrated Slr1694. The half-life of this process, which was affected by deuteration, can be assumed to be shorter than 1.5 min in hydrated Slr1694 and to be ∼6.4 min in the deuterated sample, indicating that the rate of the putative process decreased at least 4-fold by deuteration. This deuteration effect is comparable with the nearly 5-fold reduction in the rate of formation of a covalent flavin-cysteinyl adduct in the LOV2 (light, oxygen or voltage 2) domain of phototropin 1 (Corchnoy et al. 2003 ).
In the photocycle of the FMN-binding LOV domains of phototropins, illumination induces a flavin triplet state (Swartz et al. 2001 , Kennis et al. 2003 with increased basicity of flavin N5, which is then protonated by a proton from a sulfhydryl group of the conserved cysteine. Subsequently flavin C4a is attacked by a cysteine sulfur to form a covalent flavin-cysteinyl adduct for the signaling light state (Crosson and Moffat 2002 , Iwata et al. 2002 , Ataka et al. 2003 . The light state relaxes to the ground state in the dark, concomitant with the deprotonation of N5 and the protonation of the cysteinyl group upon breakage of the adduct. This proton transfer event is apparently responsible for the significant effects of deuteration on adduct formation (Corchnoy et al. 2003) and dark relaxation kinetics (Swartz et al. 2001 , Corchnoy et al. 2003 in the LOV domain. Therefore, the significant deuteration effects in the dark decay kinetics in Slr1694 indicated the involvement of the proton transfer process in the formation of the light state as well as in the dark relaxation process. It was proposed based on a study using C-terminally truncated AppA that the FAD chromophore is deprotonated in the light state (Laan et al. 2003) . Because the FAD isoalloxazine ring has no exchangeable hydrogens after deprotonation at N3, i.e. the only atom retaining an exchangeable hydrogen, the FTIR bands of the deprotonated chromophore are expected to be insensitive to deuteration. However, the FTIR bands for both the dark and light state Slr1694 were markedly affected by deuteration ). This indicated that the FAD chromophore is protonated in both these states. Therefore, it is likely that the putative light-induced proton transfer event occurs among amino acid residues of Slr1694. It is of note in this context that the decay of the C4=O bands and the UV-visible absorption change showed little deuteration effect in the desiccated Slr1694 as shown in Fig. 2 and 6 . The results indicated that the proton transfer does not limit the decay process from 
Photocycle model in Slr1694
The light-induced signaling state of BLUF as represented by Slr1694 is unique among photoreceptor proteins. The structure of the chromophore did not reveal any recognizable gross structural change upon light excitation of the chromophore, such as cis-trans isomerization or covalent adduct formation (van der Horst and Hellingwerf 2004) . Furthermore, it is clear from the light state UV-visible absorption spectrum that no redox change of FAD was involved. Instead, the light state was characterized by the increased hydrogen bonding to the C4=O and C2=O groups in the isoalloxazine ring of FAD ). Apparently, these changes for the light state formation need no proton transfer process, while the present results suggest that the formation of the light state is accompanied by a proton transfer process in the protein moiety. Therefore, it is plausible that a reaction involving a proton transfer occurs transiently in advance of the light state formation.
In the phot1-LOV2 domain (Crosson et al. 2004) , the photo-excited FMN results in the increase in the basicity of N5 of the isoalloxazine ring. This facilitates the protonation at N5 and leads to the increase of the electrophilicity of C4a, which is attacked by thiolate to form the covalent adduct with cysteine. Although the photochemical process conducted in the BLUF domain is considerably different from that in the LOV domain, it may be rational to assume that the common primary photochemistry is conducted upon absorbing photons by the flavin chromophores in these two domains. Based on this assumption, we propose a hypothetical model of the photocycle in the BLUF domain of Slr1694 as shown in Fig. 8 . Illumination of Slr1694 increases the basicity of flavin N5, which is subsequently protonated by abstracting a proton from a side group of an amino acid residue denoted D, but no covalent adduct is formed at C4a due to the absence of an amino acid residue functioning as a nucleophile, which is the conserved cysteine residue in the LOV domain (Crosson et al. 2004) . Instead, the excited state FAD with a proton at N5 returns to the ground state concurrent with the release of the proton, which is transferred with some probability to another side group of an amino acid residue, denoted A, functioning as a proton acceptor. Then, the protonated side group is directly responsible for the hydrogen bonding to C4=O (or C2=O) or facilitates another residue to be hydrogen bonded at C4=O (or C2=O), although the former case was illustrated in Fig. 8 . Strong hydrogen bonding at C4=O would lead to structural changes of the peptide backbone and modification of the interaction between FAD and apo-protein to form the light state. Dark relaxation is initiated by direct proton transfer from the acceptor (A) to the donor residue (D). This causes the loss of hydrogen bonding to C4=O, which contributes to the dark decay of the UV-visible absorption change and C4=O FTIR bands, and other slower structural relaxation processes follow the proton transfer event. However, upon deuteration, the reverse proton transfer slows down to limit the rate of other structural relaxation processes, and therefore all processes relax simultaneously in deuterated Slr1694 as shown in Fig. 4B .
We recently found that the illumination at low temperature or under dehydrated conditions trapped the constrained light state which showed the light-induced UV-visible absorption red shift and the C4=O stretching bands but light-induced changes of other IR bands were suppressed ; also see Fig. 6 ). We presumed that the signaling light state is formed via a hypothetical intermediate state denoted the C4=O state, in which the putative hydrogen bonding at C4=O is formed with minimal structural changes but other structural changes of FAD and apo-protein are not yet induced. Therefore, it may be presumed that the decay of the C4=O intermediate state is affected by deuteration although the decay of the constrained light state formed under dehydrated conditions showed no deuteration effect.
Although the present model was introduced to describe the photocycle in Slr1694, this type of reaction may occur universally in all BLUF domains because the predominant formation of the C4=O bands by illumination was also reported in the AppA BLUF domain (Laan et al. 2003) . In order to verify this mechanism, it would be necessary to identify the amino acid residues functioning as the proton donor and acceptor in Slr1694. Several amino acid residues that have hydrogen-containing side groups are conserved in all of the BLUF domains reported so far (Gomelsky and Klug 2002, Masuda and Bauer 2005) . They correspond to Tyr8, Asn32, Gln50, Asp53 and His72 in Slr1694. These residues may participate in the proposed proton transfer events and/or hydrogen bonding to the C4=O group. Usually, tyrosine, asparagine, glutamine and aspartate residues do not function as proton donor, but proton abstraction from these residues may become feasible due to the strong basicity of flavin N5 in a triplet state. Therefore, these residues may be candidates for the postulated proton donor, while His72 is the only residue that may function as proton acceptor. Changes of the IR bands that correspond to lightinduced protonation and deprotonation of the putative amino acid residue must be included in the light-induced FTIR difference spectrum, in which many bands closely overlap each other. Amino acid-specific isotope labeling will be helpful in identifying the putative bands in the spectrum.
Materials and Methods
Sample materials and preparations
The tyrosine residue at position 8 in Slr1694 of Synechocystis sp. PCC6803 was changed to phenylalanine (Y8F) by polymerase chain reaction (PCR) primer mutagenesis using Pyrobest DNA polymerase (Takara). The primers used were Slr1694-F (5′-TGCGGCCATATG-AGTTTGTACCGTTTG-3′), Slr1694-R (5′-GGGAATTCTTAGAGG-TCGAGGAAAAAG-3′), Y8F-F (5′-GTACCGTTTGATTTTCAGCA-GTCAGGGCAT-3′) and Y8F-R (5′-ATGCCCTGACTGCTGAAAAT-CAAACGGTAC-3′). The Y8F-F and Y8F-R primers are the complementary primer pair to give a Y8F point mutation (underlined). Nucleotides underlined in the Slr1694-F and Slr1694-R primers are start and stop codons, respectively. The first PCR was achieved with the two primer pairs Slr1694-F/Y8F-R and Slr1694-R/Y8F-F, using the isolated plasmid pTYSlr1694 ) as a template. The two DNA fragments of the first PCR were mixed and then used as template for the second PCR amplification using the primer pair Slr1694-F/Slr1694-R. The second PCR product was digested with NdeI and EcoRI, and ligated into NdeI-EcoRI-cut pTYB12 vector (Novagen). The resulting plasmid pTY8F was transformed into E. coli host strain BL21(DE3) (Novagen). The full-length wild-type and Y8F mutant Slr1694 proteins were overexpressed in E. coli with a selfcleavable intein/chitin tag (New England Biolabs) and purified with a chitin affinity column as described previously ). The purified proteins were dissolved at a concentration of 0.3 mM in a H 2 O (D 2 O) medium containing 50 mM Tris/HCl (DCl) and 1 mM NaCl (pH/pD 8.0).
Spectroscopic measurements
Sample solution (5-10 µl) was applied on a BaF 2 disk, and gently dried by N 2 gas. For hydrated and deuterated samples, a 1 µl droplet of 20% glycerol/H 2 O (D 2 O) (v/v) solution was placed, keeping it away from the IR beam on a disk for hydration (deuteration) , while the droplet of glycerol solution was omitted for dehydration and de-deuteration. The sample disk was covered by the other disk, spaced with a 0.5 mm thick greased Teflon spacer, and incubated at 15°C for 5 h in the dark in order to equilibrate the water present in the sample and for relaxation to the dark state to occur. FTIR spectra were recorded using a Bruker IFS66v/s spectrophotometer with a mercury cadmium telluride (MCT) detector at 4 cm -1 resolution by averaging 32 scans (20 s accumulation) as described previously ). The sample temperature was maintained at 15°C (±0.02°C) using a homemade cryostat (Kimura et al. 2003) . Ge band pass filters (4000-800 cm -1 ) (OCLI) were windowed on the exit hole of the cryostat to improve the signal-to-noise ratio. A light-minus-dark spectrum was obtained by subtracting the single-beam dark spectrum from that following illumination for 10 s with continuous light (350-550 nm). After the spectral measurement, the hydrated (deuterated) and dehydrated (de-deuterated) samples were dark-relaxed for 1 h (2 h), and illuminated again for another spectral measurement. Two to four spectra were collected to improve the signal-to-noise ratio by repeating this cycle. No sample damage was observed during measurements. The UV-visible spectra of the FTIR sample sandwiched between BaF 2 disks were measured directly on a Shimadzu MultiSpec-1500 photodiode array spectrophotometer.
Computational calculation
All calculations were carried out with the Gaussian 03 program (Frisch et al. 2003) . The geometries of a free lumiflavin, and lumiflavin interacting with a benzene molecule or a water molecule were fully optimized in their ground states by the Becke three parameter hybrid functionals with Lee-Yang-Parr non-local correlation (B3LYP) (Lee et al. 1988 , Becke 1993 combined with the standard double-ζ basis set including polarization function (6-31G**). The structure of lumiflavin stacked with a benzene molecule was used for a model of flavin stacked with an aromatic side group of an amino acid, in which the benzene ring was placed 3.6 Å above each isoalloxazine ring. Electronic excitation energies were calculated using the time-dependent density functional theory (TD-DFT) (Stratmann and Scuseria 1998) method (B3LYP) with the double-ζ basis set including polarization and diffuse functions (6-31++G**).
